HTD-Vol. 243, Heat Transfer With Alternate Refrigerarm ts
ASME 19 =3

SIMULTANEOUS VISUAL AND CALORIMETRIC MEASUREMENTS
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ABSTRACT

Bubble formation during horizontal flow boiling of trichlorofluoromethane
(R11), 1,1-dichloro-2,2,2-trifluoroethane (R123) ‘and two
R123/alkylbenzene lubricant mixtures was investigated both visually and
calorimetrically. Locally measured heat transfer coefficients were taken
simultaneously with high speed motion picture images of the boiling
process. The addition of a small amount-(0.55%) of alkylbenzene to R123
increases the number of active nucleation sites by approximately 5
sites/cm? which corresponds to a 12% to 50% increase in the site density.
The increase in the site density contributed to the enhancement of the heat
transfer coefficient of the R123/0.55% alkylbenzene mixture over that of
the pure R123. Further increase in the amount of alkylbenzene to the
R123 reduces the number of active sites to below that of pure R123 to
approximately the value for that of RI1. Consequently, the 0.55%
lubricant mass fraction mixture exhibited a heat transfer coefficient that
was larger than that of the 2% lubricant mass fraction mixture.

NOMENCLATURE
English symbols

cross sectional surface area of bubble (m)
constant in eqn. 6

constant in eqn. 6

specific heat (J/kg +K)

bubble (departure) diameter (m)

constant in eqn. 6

Internal diameter of quartz tube (m)
equivalent spherical diameter (m)

boiling constant in eqn. 2

bubble frequency (bubbles/s)

bubble frequency flux (bubbles/m? s)
gravitational acceleration (m/sz)
two-phase heat transfer coefficient (W/m? -K)
latent heat of vaporization WJ/kg)
dimensionless pressure, see eqn. 3
thermal conductivity (W/m *K)

mass flow rate (kg/s)

site density (sites/m?)

pressure (Pa)
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Pe Peclet number, see eqn. 4

P, critical pressure (Pa)

P, reduced pressure = P,/P,

P, saturation pressure (Pa)

q heat transfer due to bubble generation (W)

q, nucleate heat transfer (bubble generation & sensible) (W)

q" heat flux (W/m?)

9,  nucleative heat flux (W/m?)
Re Reynolds number = 4m/py 7+ D,
R, mean surface roughness (m)

Glattungstiefe or peak-to-mean surface roughness (m)
R rms surface roughness (m)

sfq standard deviation of measured bubble frequency (s!)
sg standard deviation of measured B (deg.)
T, saturation temperature (K)
Ty;  temperature of the internal tube wall X)
V,  volume of all the zero-bubbles for one film-trace (m3)
w mass fraction of lubricant in mixture
reek sym
¢} dynamic contact angle (deg.)

AT, T,-T,; )
P density (kg/m?)

[ surface-tension (N/m)
Subscripts

b bubble

i inner tube surface

1 liquid

m mixture

r pure refrigerant

s saturation

v vapor
INTRODUCTION

This paper presents a comparison of calorimetric and visual
measurements of horizontal nucleate flow boiling of four fluids: (6]
trichlorofluoromethane (R1 1), (2) its proposed replacement, the alternative




refrigerant 1,1-dichloro-2,2,2-trifluoroethane (R123), (3) a R123/0.55%
weight alkylbenzene lubricant mixture, and (4) a R123/2% weight
alkylbenzene lubricant mixture; the nominal kinematic viscosity of the
lubricant was 53x10 m?/s (280 SUS) at 313.15 K. The calorimetric
aspect of this study focuses on the measurement of the local two-phase
heat transfer coefficient (hy4). The visual measurements obtained from
high-speed 16 mm film of the boiling were taken simultaneously with the
calorimetric measurements. The bubble diameters (D,), the bubble
frequency flux (f7), the site density (n) and the contact angle (8) were
derived from over 40 high-speed films containing approximately 3000
bubbles.

Visual observation of the ebullition process is an excellent method by
which knowledge of the fundamental mechanisms of boiling can be
obtained. Currently, the heat transfer cannot be predicted a priori with a
general mechanistic model. In order to establish the foundation for this
goal, fundamental mechanisms must be observed and correlated for use in
such a model. Rohsenow (1988) has brought to our attention the need for
better correlations for the bubble diameters, the bubble frequency (f), and
the site density. He cited the Mikic-Rohsenow (1969) model which
partitions the total heat flux between that used to generate the bubbles and
that convected from the surface. Someday, fundamental and generic
mechanistic boiling information will be used to accurately design and
optimize refrigeration equipment. This paper adds to the available
mechanistic boiling data and examines the applicability of several existing
correlations to predict mechanistic information.

TEST APPARATUS

Following is a discussion of the test apparatus and the accuracies
associated with the individual measurements. Unless otherwise stated, all
accuracies are estimated for a 99.7% confidence interval.

A schematic of the test apparatus is shown in Fig. 1 to illustrate the
circulation of refrigerant through the individual components of the rig. A
hermetic, oil-free pump was used to deliver a constant flow rate
throughout the test rig. The test fluid entered the fluid heater subcooled
and exited in a two-phase state at near 1% vapor quality. The electric
heater was used to achieve higher flow qualities entering the test section.
After exiting the test section, the fluid entered a liquid reservoir which
served to condense the vapor produced by the quartz tube and the fluid
heaters and to establish and maintain a steady system pressure. The liquid
exiting the condenser was subcooled by approximately 40 K and entered
the mass flow rate meter. The refrigerant mass flow rate () was
measured with a coriolis flow meter with an accuracy of 1-2% of the
measured value. The test loop was completed by returning the liquid to
the pump.

The test section consisted of a9 mm internal diameter quartz tube with
a 3 mm wall thickness. A thin (0.25 mm), 3 mm wide brass strip was
located horizontally along the bottom of the tube with its length aligned
with the flow direction. A direct current was passed through the brass
strip to produce a range of uniform heat fluxes (g") from 15 to 30 kW/m?.
The quartz tube was enclosed in a safety housing with four flat windows
located at opposite poles for lighting and filming of the boiling. The
space between the housing and the quartz tube was evacuated in order to
minimize the heat loss from the heater strip to the surroundings and, thus,

"promote one-dimensional conduction into the tube. The all-liquid
Reynolds numbers based on the diameter of the quartz tube ranged from
0.0 to 9,500. The accuracy of the Reynolds number was 1.4-2.2% of the
calculated value. The measurements for all fluids were obtained from the
same smooth-tube test rig to ensure that observed differences were due to
the characteristics of the fluids.

The inside surface of the quartz tube was roughened with a five micron
polish to promote boiling. The roughness of the tube was measured, using
a stylus instrument. The root mean square (rms) roughness (Rq), the
Glittungstiefe (peak-to-mean) roughness (Rp), and the average roughness
(R,) of the interior quartz surface were approximately 0.36 um, 1 pm, and
0.3 pm, respectively. The R, measurement is a good indication of the
depth of the average cavity. Close examination of the roughness trace
reveals inclusions of approximately 1 micron in width. Presumably, the
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Fig. 1 Schematic of test apparatus

average cavity is approximately 1 micron wide at the mouth and
approximately 0.3 microns deep.

The method by which the heat flux incident to the quartz tube (") and
the temperature of the inner tube wall (T,,;) were determined is given in
Kedzierski (1992). The accuracy of the heat flux calculation was estimated
to be approximately +1.7 kW/m2. The estimated accuracy of the inner
tube wall temperature (T,,;) calculation was + 0.2 K.

The two-phase heat transfer coefficient (h,,) was calculated from:

qII

Ty ~ (1)

hZ* = T

8

where the saturation temperature (T,) was determined from the measured
pressure to within 0.8 K. The fluid temperature entering the quartz tube
that was measured with a thermocouple always agreed within + 1 K of the
saturation temperature obtained from the corresponding measured pressure.
The accuracy of the heat transfer coefficient measurement for most of the
data was estimated to be + 10% of the measured value.

The lubricant mass fraction (W) was calculated using a modification of
the procedure given in ASHRAE Standard 41.1-84 (ASHRAE 1984). The
lubricant mass fraction is the ratio of mass of the lubricant to the total
mass of the lubricant and refrigerant in the mixture. The results of three
30-60 g samples were averaged. The refrigerant was evaporated from the
lubricant by means of a 48 hour evacuation. The mass fraction
measurement was estimated to be accurate to within 0.0005 in mass
fraction.

VISUAL TECHNIQUE

A high-speed 16 mm camera with a macro lens was used to film the
boiling process simultaneously with the heat transfer measurements. All
films were color and taken at approximately 6000 frames/s. The film
speed was calculated with the aid of timing marks on the film to within
1.3% of the measured value. All flow qualities were near 1%. The flow
pattern from a typical test is presented in Fig. 2. The liquid entering the
quartz tube was free of bubbles with the exception of the large plug of
vapor that traveled along the top of the tube.

The bubble size, the frequency, the site density, the contact angle, the
energy require to generate the bubbles (q,) and the nucleative energy (q,)
(which includes heat transfer after the bubble has left the wall) were all
calculated from film traces similar to that presented in Fig. 2. Details of
the calculation methods for each of the above quantities are presented in
Kedzierski (1992).
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CALORIMETRIC RESULTS
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The two-phase heat transfer coefficients of four different fluids were
investigated: (1) R11, (2) R123, (3) R123 and 0.55% alkylbenzene, and
(4) R123 and 2% alkylbenzene. All measurements were taken at the same
reduced pressure (P;) of 0.03 and a flow quality of near 1%. Heat
transfer data were taken for Reynolds numbers varying from nearly 0.0 to
9500 at three different heat fluxes (15, 20, and 30 kW/m?). Figures 3
through 5 are plots of the horizontal two-phase heat transfer coefficient
versus the Reynolds number for the three different heat fluxes. Each
figure includes the data of R123 so that a comparison between R123 and
R123/lubricant mixtures and R11 and its replacement refrigerant can be
readily made.
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Fig. 3 Two-phase heat transfer coefficient measurements for pure R11
and pure R123 at P, = 0.03

Figure 3 compares the heat transfer coefficients of R11 to its nearly
ozone-safe replacement R123. The heat transfer coefficient of R123 is
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larger than that of R11 for an equal heat flux and Reynolds number. At
a zero Reynolds number condition, the heat transfer coefficient for R123
is 30% to 42% greater than that for R11. The heat transfer advantage of
R123 steadily decreases with increasing Reynolds number. If data for R11
and R123 are extrapolated to Reynolds numbers greater than 10,000, one
would anticipate that the heat transfer coefficient for R11 would exceed
that for R123. This is consistent with the measured data of Kedzierski and
Didion (1991), who observed that the heat transfer coefficient for R11 in
the nucleate flow boiling regime is indeed higher than that for R123 for
Reynolds numbers of 18,000 and 24,000.

The heat transfer coefficient increases nearly linearly with respect to
Reynolds number for both fluids. The data for each heat flux for each
fluid are nearly parallel to one another, indicating that the rate of increase
in with respect to Re is independent of the incident heat flux. Also,
notice that the Reynolds number has more of an effect on the heat transfer
of R11 than it does on R123. For example, the two-phase heat transfer
coefficient for R11 increases by an average of 37% for an increase in Re
from 0 to 9500. For the same increase in the Reynolds number, the R123
heat transfer increases by only 10%.

For both R11 and R123, the heat flux has a much greater effect on the
heat transter coefficient than the Reynolds number. For example, a 33%
increase in the heat flux from 15 to 20 kW/m? corresponds to an average
increase in the heat transfer coefficient of 22% for both R11 and R123,
Likewise, a 50% increase in the heat flux from 20 to 30 kW/m?
corresponds to an average increase in the heat transfer coefficient of 56%
for R11 and 46% for R123. Clearly, this boiling phenomenon is heat flux
driven, which is what one would expect given it is for a constant heat flux
boundary condition.

R12 d Alkylbenzene Mixture

It was assumed that the change in the boiling point of R123 due to the
addition of the lubricant was negligible. This assumption is justified by
two arguments. First, Stephan (1963) has reported that the boiling point
of R12 increases by less than 0.3 K with an addition of 10% oil by
weight. The lubricant mass fractions measured here are 2% and 0.55%
which should cause a comparatively small change in the boiling point.
Second, no change in the agreement between the measured saturation
temperature and the saturation temperature obtained from the measured
pressure was observed with the addition of alkylbenzene to the R123.

The properties of the refrigerant/lubricant mixture were evaluated at the
saturation temperature of the pure refrigerant. The mixing rules and the
liquid density of the lubricant and the kinematic viscosity of the lubricant
are given in Kedzierski (1992).

Figure 4 compares the measured two-phase heat transfer coefficient of
pure R123 to a mixture of R123 and 0.55 weight percent of alkylbenzene.
The heat transfer coefficient is plotted versus the liquid Reynolds number.
Two aspects of the comparative heat transfer are evident from the figure.
First, the addition of 0.55% alkylbenzene to pure R123 enhances the heat
transfer for all heat transfer conditions. Overall, the heat transfer
coefficient of the R123/0.55 % mixture, averaged for all Reynolds numbers
and heat fluxes, is 16% greater than the overall averaged heat transfer
coefficient for pure R123. Second, the addition of the lubricant to R123
has caused the heat transfer to be more responsive to an increase in the
Reynolds number. For example, the heat transfer coefficient for the
R123/0.55% alkylbenzene mixture increases roughly by 44% and 11% for
an increase in the Reynolds number from zero to 9,500 for the two lower
heat flux conditions and the highest heat flux condition, respectively. As
a result, the enhancement of the R123/0.55% alkylbenzene mixture heat
transfer relative to that of pure R123 increases with Reynolds number.

Figure 5 compares the measured two-phase heat transfer coefficient of
pure R123 to a mixture of R123/2.% weight percent of alkylbenzene. The
heat transfer coefficient of the R123/2% alkylbenzene mixture can be
examined in terms of: (1) its relative magnitude compared to the pure
component, and (2) the influence of the Reynolds number upon it.
Examination of the first point above reveals that the heat transfer
coefficient of the R123/2% alkylbenzene mixture, averaged over all heat
transfer conditions, is 11% greater than that for pure R123.  This is
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Fig. 4 Two-phase heat transfer coefficient measurements for R123/0.55%
alkylbenzene mixture and pure R123 at P, = 0.03
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Fig. 5 Two-phase heat transfer coefficient measurements for R123/2%
alkylbenzene mixture and pure R123 at P, = 0.03

approximately two-thirds of the enhancement associated with the 0.55%
mass fraction fluid. A study of the second point above indicates that the
rate of increase for the R123/2% alkylbenzene mixture is greater than that
for pure R123 and it is a also a function of the heat flux. For example,
an incréase in the Reynolds number from zero to 9,500 causes a 75%,
26% and a 23% increase in the heat transfer coefficient for the 15 kW/m?,
20 kW/m?2, and 30 kW/m? heat flux conditions, respectively. Averaged
over all heat transfer conditions, the percent increase in the heat transfer
coefficient with respect to increased Reynolds number for the 2% mass
fraction mixture is more than twice as large as it is for the 0.55% mixture.
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Correlation of Heat Transfer Coefficient

It is difficult to find a heat transfer correlation that applies strictly to
horizontal nucleate flow boiling. One candidate correlation form might be '
a superposition model. Historically, these correlations are generated from
a statistical fit of many flow boiling data sources from many different
metal tubes. Typically, the effect of surface roughness is not included in
the correlation of a superposition model. Yet, as Corty and Foust (1955)
have shown, pool boiling strongly depends upon the surface finish.
Therefore, rather than comparing the present data with a superposition
model for flow boiling, the present data for a zero Reynolds number are
compared to three different pool boiling correlations which account for
surface roughness effects.

Agreement between the measured heat transfer coefficients and two of
the correlations was not acceptable. On average, the heat transfer
coefficient for R11 obtained from Cooper’s equation (1984) was
overpredicted by approximately 300%. Likewise, his equation
overpredicted the heat transfer coefficient for R123 by approximately
200%. Similarly, poor agreement was achieved with Stephan’s and
Abdelsalam’s (1980) pool boiling equation for refrigerants with the
correction for surface roughness.

Good agreement was achieved between the measured heat transfer
coefficient at Re = 0 and the correlation with the Borishanskii-Minchenko
equation (Borishanskii et al., 1969):

E KPD.'I PeO.'l kl

By =
s (2)
glpy - Py
where KP is the dimensionless pressure:
' P
K, = = (3)
Vg o (pl - pv’
and the Peclet number (Pe) is:
"
pe = L P1 % o (4)
heg oy K\ glpy - py)

Equation 2 and the measured heat transfer coefficients for R11 and R123
at Re 0 agreed to within + 12% when the dimensionless boiling
constant E (which includes the effect of roughness) was set equal to 2.5 X
10*. Rice and Calus (1972) correlated the pool boiling data from an
electroplated chromium surface of Cichelli and Bonilla (1945) to the
Borishanskii-Minchenko equation with the constant E = 3.92 x 104,
Although roughness values for this surface were not given, a typical R,
roughness for an electroplated surface is approximately 0.8 pm
(Baumeister, 1978). If the constant for Cichelli and Bonilla’s data were
to be used to predict the present R11 and R123 data, the data would be
overpredicted by an average of 60%. However, this value of E may be
inappropriate for the quartz tube since the roughness of the chromium
surface is greater than that of the quartz tube. Consequently, the value of
E = 2.5 x 10 for the quartz tube seems to be consistent with Cichelli and
Bonilla’s data since one would expect that the value of E for the quartz
tube would be smaller than that for the chromium surface.

VISUAL RESULTS

Foaming occurred for the zero Reynolds number condition for all of the
refrigerant/lubricant mixtures. Foaming caused nearly a 50% increase in
the bubble diameter and approximately a 50% reduction in the bubble flux.
Consequently, only the non-zero Reynolds number data for the bubble flux
or the bubble diameter were included in the calculation of the overall
averages so that a fair comparison between each fluid could be made.



Contact Angle

The dynamic and the static contact angles of all of the fluids were
measured. All test fluids fully wetted a clean glass surface when placed
on the surface as liquid droplets. Wetting implies that the static contact
angle is zero. The dynamic contact angles were obtained from the film-
traces. Figure 2 defines the contact angle (8) as it was measured here.

Figure 6 shows the measured contact angle for the four fluids versus
Reynolds number. Approximately ten contact angles were average from
each film-trace. A linear line fitted through the data would indicate that
the contact angle increases slightly with respect to the Reynolds number.
This makes intuitive sense since if a bubble is not abruptly stripped from
the wall by drag forces it will grow more slowly and tend to flatten out
resulting in a smaller contact angle. However, an average value for the
contact angle may prove more convenient since the influence of the
Reynolds number on the contact angle is relatively small.
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Fig. 6 Measured contact angle for R11, R123 and R123 and alkylbenzene

The present measured average contact angles confirm the approximate
contact angle for refrigerants of 35° cited by Stephan and Abdelsalam
(1980). Row 1 of table 1 presents the contact angles for each fluid
averaged over all heat transfer and flow conditions. For example, the
average measured contact angle for pure R11 was 31° which is only 12%
less than the that given by Stephan and Abdelsalam (1980). The average
measured contact angle for pure R123, 36°, agrees closely with 35°. The
addition of alkylbenzene to R123 resulted in a larger contact angle.
Specifically, the average contact angle for R123 and 0.55% and 2%
alkylbenzene were 40° and 41°, respectively.

Row 2 of table 1 presents the estimated standard deviation of the
contact angle measurement (sﬁ). A portion of the deviation of the
measurement may be due to the variation of the contact angle while the
bubble grows.

Bubble Diameter

The bubble diameter appeared to be independent of the Reynolds
number and the heat flux. The cyclic characteristics of boiling should not
have a significant effect on the size of the bubble. Surface-tension and the
contact angle should be the primary factors in determining the bubble
diameter. Therefore, given the above two conditions, an average of all the
bubbles for a particular fluid should result in a fair representation of the
average bubble diameter for that fluid at a given thermodynamic state.
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An equivalent spherical bubble diameter (D,) was calculated from the
average volume of bubbles near or attached to the wall. The average
diameter of these bubbles should closely represent the departure diameter.
The accuracy of the bubble diameter measurement for two confidence
intervals was estimated to be within 7% of the calculated value. Row 3
of table 1 presents the average equivalent spherical diameters for the four
fluids for non-zero Reynolds numbers. Row 4 of table 1 shows the
standard deviation from the average bubble diameter for each fluid.

Table 1 - Visual Data Summary_

Measured R11 R123 R123/5% | R123/2%
Data alkylbenz- | alkylbenz
ene -ene
g (deg.) 31 36 40 41
sg (deg.) 6 5 6 9
D, (mm) 0.83 0.76 0.74 0.65
Sp, (mm) 0.31 0.28 0.28 0.19
B 0.46 0.91 1.24 1
2)n [P——— 20 30 40 20
f (s'm?) 380 x 105 | 390 x 10° | 490 x 10° | 370 x 10°
or(s'm?) 290 x 105 | 190 x 10° | 250 x 10° | 270 x 10°
fsh 178 144 146 251
s (1) 182 54 75 164
2{kgpic om0 1185 1172 1174 1179
0 K'm- 5-0-5)
4D 2n (s5) 1.84 2.08 2.65 1.34

Fritz (1935) utilized the work of Bashforth and Adams (1883) to
calculate the maximum volume of a spherical vapor bubble as a function
of Laplace’s constant and the contact angle 8 (in degrees) with respect to
the solid surface. Fritz’s solution is presented in graphical and tabular
form. The tabulated solution can be fitted to the following familiar
equation for the departure diameter attributed to Fritz:

= -9 5
Dy = 0.0204P ap — P (5)

The Fritz equation does a remarkable job of predicting the data for
such a simple equation. When the measured contact angle and the fluid
properties are substituted into eqn. 5, the agreement between the equation
and the measured bubble diameter for R123 is within 1%. Equation 5
underpredicts the bubble diameter for R11 by approximately 16%.
However, the Fritz equation does not predict the effect of the addition of
lubricant to the refrigerant. Nevertheless, it predicts the measured bubble
diameter for the R123/0.55% alkylbenzene and the R123/2% alkylbenzene
mixtures within 14% and 35%, respectively.

Site Density

The determination of the site density was subjective. It was difficult
to determine exactly how many sites were active since some sites were
very close to each other. A best guess was made concerning the average
number of locations from which bubbles originated. The surface area was
calculated from the product of the measured width of the heater and the
scaled length of the analyzed region obtained from the film-trace.
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Figure 7 shows the heat flux dependency on the nucleation site density
for all four fluids. The symbols represent the measured data. The solid
lines are best fit regressions of the data to the form:

g”=c,n®+p, (6)
where the constant D, was set to zero for all of the fluids with the
exception of the R123/2% alkylbenzene mixture. A linear fit was best for
this data. The B exponents for the other R123 fluids were also close to 1,
namely, 0.91 for R123 and 1.24 for R123 and 0.55% alkylbenzene. The
exponent for the site density for the R11 was 0.46 which was smaller than
that for the R123 fluids. The values for B are summarized in row 5 of
table 1.

The B exponent for the fluids tested here does not vary significantly
from that reported in the literature. Hsu and Graham (1976) remark that,
although the constant C, varies greatly depending upon the fluid and the
surface, the exponent has a relatively small range of variance between
about 0.3 and 0.8. Kirby and Westwater (1965) have measured an
exponent for the nucleation site density on a glass surface and found it to
be approximately equal to 0.73.

The addition of a small amount of alkylbenzene (0.55%) to R123
increases the number of active nucleation sites by approximately §
sites/cm? (for fixed heat flux).  Further increase in the amount of
alkylbenzene to the R123 reduces the number of active sites to
approximately the value for that of R11. For the same heat flux, R11 has
approximately 10 less active sites/cm? than those of R123. The sixth row
of table 1 summarizes the site density measurements.

Bubble Flux

The bubble frequency flux " is the total number of bubbles emitted
from a surface per unit area per unit time. The bubble frequency flux was
calculated from an equation given by Kedzierski (1992):

£ = 9y

(7).
Ap, h, V,
where A and V, are the cross sectional surface area and the volume of the
bubble, respectively. The accuracy of the bubble flux calculation was
estimated to be approximately 33% for two confidence intervals.

It appears that the bubble flux is approximately the same for all fluids.
Row 7 of table 1 gives the bubble frequency flux averaged over all non-
zero Reynolds number heat transfer conditions for each of the fluids. The
estimated standard deviation of the bubble flux measurement (s¢), given
in row 8, is nearly greater than the measurement. Therefore, the bubble
fluxes for each fluid cannot be given a strict relative ranking. The bubble
flux is enhanced for small lubricant mass fractions (0.55%) with caveat
that the standard deviation of this measurement is large.

The average bubble frequency for a single bubble is obtained by
multiplying the frequency flux by the site density. Rows 9 and 10 of table
1 gives the measured frequency and the estimated standard deviation of the
measurement, respectively. Based on the work of Jakob (1949), Zuber
(1959) developed an equation for the frequency of a single bubble:

‘1'og(p; -p,)
912
Predicted values of f from eqn. 8 lie within the fluctuations of the
measured f. The equation underpredicts the measured average bubble
frequency (f) by approximately 50% of the measured value for all of the
test fluids. For example, eqn. 8 predicts the bubble frequency to be 74
bub/s for R11; the measured value averaged for all conditions is 178
bub/s. The standard deviation of the individual measurements from this

mean value is approximately 182 bub/s. Similar results were obtained for
the other fluids which are presented in row 9 and 10 of table 1.
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Fig. 7 Heat flux dependency on the nucleation site density for R11, R123
and R123 and alkylbenzene

MECHANISTIC INTERPRETATION OF hy

The visual data were taken with a view to gaining some physical
understanding of the calorimetric data. The model of Mikic and
Rohsenow (1969) can be used as a tool for making the physical connection
between the visual and the calorimetric data. Their model of the nucleate
heat flux (q",) is:

q,” =2 JKip,c, % VEDZ n AT,

This model is based on the assumption that the latent heat is not important
in determining the heat transfer due to nucleation. Instead, the governing
mechanism is the transport of the superheated liquid layer from the wall
by the motion of the bubble. Consequently, eqn. 9 is based on a transient
conduction analysis on an unit area which is twice the bubble diameter.
Lorenz et al. (1974) have validated this model for water and methanol pool
boiling.

The heat transfer coefficient obtained from equation 9 consists of the
multiplication of a fluid property part (2{k|p,cp,1r}°'5) and a bubble
mechanism part (f# Dy? n). The second to the last row in table 1 shows
that the fluid property terms for all of the fluids are within 1% of each
other. Accordingly, the model suggests that the observed differences in
the heat transfer coefficients for each fluid cannot be attributed to the
differences in fluid transport properties. Consequently, the differences in
the heat transfer coefficients from fluid to fluid must be due to differences
in the bubble parameters.

The last row of table 1 gives the magnitude of the bubble mechanism
term calculated using the average values for f, Dy and n which are given
in table 1. Comparison of the relative magnitudes of the bubble
mechanism term for each fluid shows that this term is larger for the
R123/0.55% alkylbenzene mixture primarily due to the larger number of
active nucleation sites associated with that fluid. The bubble diameter and
the bubble frequency have not changed much with the addition of a small
amount of lubricant.  Consequently, part of the reason that the
R123/0.55% alkylbenzene heat transfer is greater than that of pure R123
is that the addition of lubricant has caused-more sites to become active in
generating bubbles. On the other hand, further increase in the lubricant
mass fraction has decreased the bubble size and the site density which has
contributed to a reduction in the heat transfer as compared to the 0.55%
lubricant mass fraction. Likewise, the lower heat transfer coefficient of

(9)




pure R11 as compared to that of pure R123 is primarily due to a lower
number of active sites.

CONCLUSIONS

Bubble formation during horizontal flow boiling of R11, R123 and a
R123/alkylbenzene mixture was investigated both visually and
calorimetrically. The two-phase heat transfer coefficient of four different
fluids were investigated: (1) R11, (2) R123, (3) R123 and 0.55%
alkylbenzene, and (4) R123 and 2% alkylbenzene. Good agreement was
achieved between the measured heat transfer coefficients for R11 and R123
and the Borishanskii-Minchenko equation.

The relative magnitudes of the nucleate flow boiling heat transfer
coefficient were compared to that of R123. For Reynolds numbers below
9,500, the heat transfer coefficient of R123 was on average 22% greater
than that of R11 for equal heat flux and Reynolds number. The addition
of alkylbenzene to pure R123 enhances the heat transfer relative to that of
pure R123 for all heat transfer conditions.

For both R11 and R123, an increase in either the heat flux or the
Reynolds number increases the heat transfer coefficient. The heat flux has
a much larger effect on the heat transfer coefficient than the Reynolds
number. An increase in the heat flux caused nearly an equal percentage
increase in the heat transfer coefficient. The two-phase heat transfer
coefficient for R11 increases significantly more than that of R123 for an
increase in Reynolds number. The addition of lubricant to the R123
caused the heat transfer to be more sensitive to an increase in the Reynolds
number.

The average measured contact angle for pure R123 agrees closely with
that reported in the literature: 35° as compared to 36°. The addition of
alkylbenzene to R123 resulted in a larger contact angle. Namely, the
average contact angle for R123 and 0.55% and 2% alkylbenzene was 40°
and 41°, respectively.

Given the simplicity of the Fritz equation (eqn. 5), it does a remarkable
job of predicting the measured bubble diameters: within 1% and 16% of
the measured values for the pure R123 and R11, respectively. The
addition of alkylbenzene caused a reduction in the average size of the
bubble, which is not predicted by the Fritz equation. Even so, it predicts
the measured bubble diameter for the R123/0.55% alkylbenzene and the
R123/2% alkylbenzene mixtures within 14% and 35%, respectively.

The addition of a small amount (0.55%) of alkylbenzene to R123
increases the number of active nucleation sites by approximately 5
sites/cm?, Further increase in the amount of alkylbenzene to the R123
reduces the number of active sites to approximately the value for that of
R11. For the same heat flux, R11 has approximately 10 less active
sites/cm? than that of R123,

Zuber’s _equation (eqn. 8) predicts the measured average bubble
frequency (f) to within the measurement uncertainty for all of the test
fluids. The total flux of bubbles from the surface is approximately the
same for all of the fluids.

Part of the reason that the R123/0.55% alkylbenzene heat transfer is
greater than that of pure R123 is that the addition of lubricant has caused
more sites to become active in generating bubbles. The bubble diameter
and the bubble frequency has not changed much with the addition of a
small amount of lubricant. On the other hand, further increase in the
lubricant mass fraction has decreased the bubble size and the site density
which has contributed to a reduction in the heat transfer. Primarily a
lower number of active sites has caused the pure R11 heat transfer to be
lower than that of the pure R123.
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SIMULTANEOUS VISUAL AND CALORIMETRIC MEASUREMENTS
OF R11, R123, AND R123/ALKYLBENZENE
NUCLEATE FLOW BOILING

M. A. Kedzierski
National Institute of Standards and Technology
Gaithersburg, Maryland

ABSTRACT

Bubble formation during horizontal flow boiling of trichlorofluoromethane
(R11), 1,1-dichloro-2,2,2-trifluoroethane (R123) and two
R123/alkylbenzene lubricant mixtures was investigated both visually and
calorimetrically. Locally measured heat transfer coefficients were taken
simultaneously with high speed motion picture images of the boiling
process. The addition of a small amount-(0.55 %) of alkylbenzene to R123
increases the number of active nucleation sites by approximately 5
sites/cm? which corresponds to a 12% to 50% increase in the site density.
The increase in the site density contributed to the enhancement of the heat
transfer coefficient of the R123/0.55% alkylbenzene mixture over that of
the pure R123. Further increase in the amount of alkylbenzene to the
R123 reduces the number of active sites to below that of pure R123 to
approximately the value for that of R11. Consequently, the 0.55%
lubricant mass fraction mixture exhibited a heat transfer coefficient that
was larger than that of the 2% lubricant mass fraction mixture.

NOMENCLATURE

English symbols

A cross sectional surface area of bubble (m)
B constant in eqn. 6

C, constant in eqn. 6

p specific heat (J/kg +K)

Dy bubble (departure) diameter (m)

D, constant in eqn. 6

D, Internal diameter of quartz tube (m)
D, equivalent spherical diameter (m)

E boiling constant in eqn. 2

f bubble frequency (bubbles/s)

' bubble frequency flux (bubbles/m? s)
g gravitational acceleration (m/s)

h2¢ two-phase heat transfer coefficient (W/m2 -K)
he, latent heat of vaporization (J/kg)

K, dimensionless pressure, see eqn. 3

k thermal conductivity (W/m+ K)

111 mass flow rate (kg/s)

n site density (sites/m?)

P pressure (Pa)
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Pe Peclet number, see eqn. 4

P, critical pressure (Pa)

P, reduced pressure = P,/P,

P, saturation pressure (Pa)

qg heat transfer due to bubble generation w)

q, nucleate heat transfer (bubble generation & sensible) (W)

q heat flux (W/m?)

q",  nucleative heat flux (W/m?)

Re Reynolds number = 4r/p; - x « D,

R, mean surface roughness (m)

Rp Glattungstiefe or peak-to-mean surface roughness (m)
R, rms surface roughness (m)

S¢ standard deviation of measured bubble frequency (s™!)
sg standard deviation of measured § (deg.)

T, saturation temperature (K)

Tu; temperature of the internal tube wall (K)
v, volume of all the zero-bubbles for one film-trace (m?)
w mass fraction of lubricant in mixture
Greek symbols

B8 dynamic contact angle (deg.)

AT, T,-T, K

p density (kg/m?)

a surface-tension (N/m)

Subscripts.

b bubble

i inner tube surface

1 liquid

m mixture

r pure refrigerant

s saturation

v vapor

INTRODUCTION

This paper presents a comparison of calorimetric and visual
measurements of horizontal nucleate flow boiling of four fluids: 0)]
trichlorofluoromethane (R11), (2) its proposed replacement, the alternative




refrigerant 1,1-dichloro-2,2,2-trifluoroethane (R123), (3) a R123/0.55%
weight alkylbenzene lubricant mixture, and (4) a R123/2% weight
alkylbenzene lubricant mixture; the nominal kinematic viscosity of the
lubricant was 53x10% m?/s (280 SUS) at 313.15 K. The calorimetric
aspect of this study focuses on the measurement of the local two-phase
heat transfer coefficient (h,4). The visual measurements obtained from
high-speed 16 mm film of the boiling were taken simultaneously with the
calorimetric measurements. The bubble diameters (D,), the bubble
frequency flux (f"), the site density (n) and the contact angle (§) were
derived from over 40 high-speed films containing approximately 3000
bubbles.

Visual observation of the ebullition process is an excellent method by
which knowledge of the fundamental mechanisms of boiling can be
obtained. Currently, the heat transfer cannot be predicted a priori with a
general mechanistic model. In order to establish the foundation for this
goal, fundamental mechanisms must be observed and correlated for use in
such a model. Rohsenow (1988) has brought to our attention the need for
better correlations for the bubble diameters, the bubble frequency (f), and
the site density. He cited the Mikic-Rohsenow (1969) model which
partitions the total heat flux between that used to generate the bubbles and
that convected from the surface. Someday, fundamental and generic
mechanistic boiling information will be used to accurately design and
optimize refrigeration equipment. This paper adds to the available
mechanistic boiling data and examines the applicability of several existing
correlations to predict mechanistic information.

TEST APPARATUS

Following is a discussion of the test apparatus and the accuracies
associated with the individual measurements. Unless otherwise stated, all
accuracies are estimated for a 99.7% confidence interval.

A schematic of the test apparatus is shown in Fig. I to illustrate the
circulation of refrigerant through the individual components of the rig. A
hermetic, oil-free pump was used to deliver a constant flow rate
throughout the test rig. The test fluid entered the fluid heater subcooled
and exited in a two-phase state at near 1% vapor quality. The electric
heater was used to achieve higher flow qualities entering the test section.
After exiting the test section, the fluid entered a liquid reservoir which
served to condense the vapor produced by the quartz tube and the fluid
heaters and to establish and maintain a steady system pressure. The liquid
exiting the condenser was subcooled by approximately 40 K and entered
the mass flow rate meter. The refrigerant mass flow rate () was
measured with a coriolis flow meter with an accuracy of 1-2% of the
measured value. The test loop was completed by returning the liquid to
the pump.

The test section consisted of a9 mm internal diameter quartz tube with
a 3 mm wall thickness. A thin (0.25 mm), 3 mm wide brass strip was
located horizontally along the bottom of the tube with its length aligned
with the flow direction. A direct current was passed through the brass
strip to produce a range of uniform heat fluxes (q") from 15 to 30 kW/m2.
The quartz tube was enclosed in a safety housing with four flat windows
located at opposite poles for lighting and filming of the boiling. The
space between the housing and the quartz tube was evacuated in order to
minimize the heat loss from the heater strip to the surroundings and, thus,

“promote one-dimensional conduction into the tube. The all-liquid
Reynolds numbers based on the diameter of the quartz tube ranged from
0.0 to 9,500. The accuracy of the Reynolds number was 1.4-2.2% of the
calculated value. The measurements for all fluids were obtained from the
same smooth-tube test rig to ensure that observed differences were due to
the characteristics of the fluids.

The inside surface of the quartz tube was roughened with a five micron
polish to promote boiling. The roughness of the tube was measured, using
a stylus instrument. The root mean square (rms) roughness (Rq), the
Glattungstiefe (peak-to-mean) roughness , and the average roughness
(R,) of the interior quartz surface were approximately 0.36 pm, 1 pm, and
0.3 um, respectively. The R, measurement is a good indication of the
depth of the average cavity. Close examination of the roughness trace
reveals inclusions of approximately 1 micron in width. Presumably, the
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Fig. 1 Schematic of test apparatus

average cavity is approximately 1 micron wide at the mouth and
approximately 0.3 microns deep.

The method by which the heat flux incident to the quartz tube (") and
the temperature of the inner tube wall (T,;) were determined is given in
Kedzierski (1992). The accuracy of the heat flux calculation was estimated
to be approximately +1.7 kW/m2. The estimated accuracy of the inner
tube wall temperature (T,,;) calculation was + 0.2 K.

The two-phase heat transfer coefficient (h,,) was calculated from:

qll

_— 1
Ty — Ty (1)

hyy =

where the saturation temperature (T,) was determined from the measured
pressure to within 0.8 K. The fluid temperature entering the quartz tube
that was measured with a thermocouple always agreed within + 1 K of the
saturation temperature obtained from the corresponding measured pressure.
The accuracy of the heat transfer coefficient measurement for most of the
data was estimated to be + 10% of the measured value.

The lubricant mass fraction (W) was calculated using a modification of
the procedure given in ASHRAE Standard 41.1-84 (ASHRAE 1984). The
lubricant mass fraction is the ratio of mass of the lubricant to the total
mass of the lubricant and refrigerant in the mixture. The results of three
30-60 g samples were averaged. The refrigerant was evaporated from the
lubricant by means of a 48 hour evacuation. The mass fraction
measurement was estimated to be accurate to within 0.0005 in mass
fraction.

VISUAL TECHNIQUE

* A high-speed 16 mm camera with a macro lens was used to film the
boiling process simultaneously with the heat transfer measurements. All
films were color and taken at approximately 6000 frames/s. The film
speed was calculated with the aid of timing marks on the film to within
1.3% of the measured value. All flow qualities were near 1%. The flow
pattern from a typical test is presented in Fig. 2. The liquid entering the
quartz tube was free of bubbles with the exception of the large plug of
vapor that traveled along the top of the tube.

The bubble size, the frequency, the site density, the contact angle, the
energy require to generate the bubbles (qg) and the nucleative energy (q,)
(which includes heat transfer after the bubble has left the wall) were all
calculated from film traces similar to that presented in Fig. 2. Details of
the calculation methods for each of the above quantities are presented in
Kedzierski (1992).
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CALORIMETRIC RESULTS

re R11 re 12

The two-phase heat transfer coefficients of four different fluids were
investigated: (1) R11, (2) R123, (3) R123 and 0.55% alkylbenzene, and
(4) R123 and 2% alkylbenzene. All measurements were taken at the same
reduced pressure (P) of 0.03 and a flow quality of near 1%. Heat
transfer data were taken for Reynolds numbers varying from nearly 0.0 to
9500 at three different heat fluxes (15, 20, and 30 kW/m?). Figures 3
through 5 are plots of the horizontal two-phase heat transfer coefficient
versus the Reynolds number for the three different heat fluxes. Each
figure includes the data of R123 so that a comparison between R123 and
R123/lubricant mixtures and R11 and its replacement refrigerant can be
readily made.
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R123 0% oil, P, =0.03  R11 0% oil, P, = 0.03
Oq"=15kW/ m2 O g =15kW/m?
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Fig. 3 Two-phase heat transfer coefficient measurements for pure R11
and pure R123 at P, = 0.03

Figure 3 compares the heat transfer coefficients of R11 to its nearly
ozone-safe replacement R123. The heat transfer coefficient of R123 is
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larger than that of R11 for an equal heat flux and Reynolds number. At
a zero Reynolds number condition, the heat transfer coefficient for R123
is 30% to 42% greater than that for R11. The heat transfer advantage of
R123 steadily decreases with increasing Reynolds number. If data for R11
and R123 are extrapolated to Reynolds numbers greater than 10,000, one
would anticipate that the heat transfer coefficient for R11 would exceed
that for R123. This is consistent with the measured data of Kedzierski and
Didion (1991), who observed that the heat transfer coefficient for R11 in
the nucleate flow boiling regime is indeed higher than that for R123 for
Reynolds numbers of 18,000 and 24,000.

The heat transfer coefficient increases nearly linearly with respect to
Reynolds number for both fluids. The data for each heat flux for each
fluid are nearly parallel to one another, indicating that the rate of increase
in with respect to Re is independent of the incident heat flux. Also,
notice that the Reynolds number has more of an effect on the heat transfer
of R11 than it does on R123. For example, the two-phase heat transfer
coefficient for R11-increases by an average of 37% for an increase in Re
from 0 to 9500. For the same increase in the Reynolds number, the R123
heat transfer increases by only 10%.

For both R11 and R123, the heat flux has a much greater effect on the
heat transter coefficient than the Reynolds number. For example, a 33%
increase in the heat flux from 15 to 20 kW/m? corresponds to an average
increase in the heat transfer coefficient of 22% for both R11 and R123.
Likewise, a 50% increase in the heat flux from 20 to 30 kW/m?
corresponds to an average increase in the heat transfer coefficient of 56 %
for R11 and 46% for R123. Clearly, this boiling phenomenon is heat flux
driven, which is what one would expect given it is for a constant heat flux
boundary condition.

R123 and Alkylbenzene Mixture

It was assumed that the change in the boiling point of R123 due to the
addition of the lubricant was negligible. This assumption is justified by
two arguments. First, Stephan (1963) has reported that the boiling point
of R12 increases by less than 0.3 K with an addition of 10% oil by
weight. The lubricant mass fractions measured here are 2% and 0.55%
which should cause a comparatively small change in the boiling point.
Second, no change in the agreement between the measured saturation
temperature and the saturation temperature obtained from the measured
pressure was observed with the addition of alkylbenzene to the R123.

The properties of the refrigerant/lubricant mixture were evaluated at the
saturation temperature of the pure refrigerant. The mixing rules and the
liquid density of the lubricant and the kinematic viscosity of the lubricant
are given in Kedzierski (1992).

Figure 4 compares the measured two-phase heat transfer coefficient of
pure R123 to a mixture of R123 and 0.55 weight percent of alkylbenzene.
The heat transfer coefficient is plotted versus the liquid Reynolds number.
Two aspects of the comparative heat transfer are evident from the figure.
First, the addition of 0.55% alkylbenzene to pure R123 enhances the heat
transfer for all heat transfer conditions. Overall, the heat transfer
coefficient of the R123/0.55% mixture, averaged for all Reynolds numbers
and heat fluxes, is 16% greater than the overall averaged heat transfer
coefficient for pure R123. Second, the addition of the lubricant to R123
has caused the heat transfer to be more responsive to an increase in the
Reynolds number. For example, the heat transfer coefficient for the
R123/0.55% alkylbenzene mixture increases roughly by 44% and 11% for
an increase in the Reynolds number from zero to 9,500 for the two lower
heat flux conditions and the highest heat flux condition, respectively. As
a result, the enhancement of the R123/0.55% alkylbenzene mixture heat
transfer relative to that of pure R123 increases with Reynolds number.

Figure 5 compares the measured two-phase heat transfer coefficient of
pure R123 to a mixture of R123/2.% weight percent of alkylbenzene. The
heat transfer coefficient of the R123/2% alkylbenzene mixture can be
examined in terms of: (1) its relative magnitude compared to the pure
component, and (2) the influence of the Reynolds number upon it.
Examination of the first point above reveals that the heat transfer
coefficient of the R123/2% alkylbenzene mixture, averaged over all heat
transfer conditions, is 11% greater than that for pure R123.  This is
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Fig. 4 Two-phase heat transfer coefficient measurements for R123/0.55%

alkylbenzene mixture and pure R123 at P, = 0.03
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Fig. 5 Two-phase heat transfer coefficient measurements for R123/2%
alkylbenzene mixture and pure R123 at P, = 0.03

approximately two-thirds of the enhancement associated with the 0.55%
mass fraction fluid. A study of the second point above indicates that the
rate of increase for the R123/2% alkylbenzene mixture is greater than that
for pure R123 and it is a also a function of the heat flux. For example,
an incréase in the Reynolds number from zero to 9,500 causes a 75%,
26% and a 23% increase in the heat transfer coefficient for the 15 kW/m?,
20 kW/m?2, and 30 kW/m? heat flux conditions, respectively. Averaged
over all heat transfer conditions, the percent increase in the heat transfer
coefficient with respect to increased Reynolds number for the 2% mass
fraction mixture is more than twice as large as it is for the 0.55% mixture.
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Correlation of Heat Transfer Coefficient

It is difficult to find a heat transfer correlation that applies strictly to
horizontal nucleate flow boiling. One candidate correlation form might be
a superposition model. Historically, these correlations are generated from
a statistical fit of many flow boiling data sources from many different
metal tubes. Typically, the effect of surface roughness is not included in
the correlation of a superposition model. Yet, as Corty and Foust (1955)
have shown, pool boiling strongly depends upon the surface finish.
Therefore, rather than comparing the present data with a superposition
model for flow boiling, the present data for a zero Reynolds number are
compared to three different pool boiling correlations which account for
surface roughness effects.

Agreement between the measured heat transfer coefficients and two of
the correlations was not acceptable. On average, the heat transfer
coefficient for R11 obtained from Cooper’s equation (1984) was
overpredicted by approximately 300%. Likewise, his equation
overpredicted the heat transfer coefficient for R123 by approximately
200%. Similarly, poor agreement was achieved with Stephan’s and
Abdelsalam’s (1980) pool boiling equation for refrigerants with the
correction for surface roughness.

Good agreement was achieved between the measured heat transfer
coefficient at Re = 0 and the correlation with the Borishanskii-Minchenko
equation (Borishanskii et al., 1969):

E KPO.'I Pe0.7 kl

hyy =
o (2)
glp; - Py
where K, is the dimensionless pressure:
P,
K, = _— (3)
Vg 4 (P1 - pv’
and the Peclet number (Pe) is:
"
pe = 1 P1 o (4)
hegpy kg glp; - py

Equation 2 and the measured heat transfer coefficients for R11 and R123
at Re = 0 agreed to within + 12% when the dimensionless boiling
constant E (which includes the effect of roughness) was set equal to 2.5 %
10%. Rice and Calus (1972) correlated the pool boiling data from an
electroplated chromium surface of Cichelli and Bonilla (1945) to the
Borishanskii-Minchenko equation with the constant E = 3.92 x 10,
Although roughness values for this surface were not given, a typical R,
roughness for an electroplated surface is approximately 0.8 pm
(Baumeister, 1978). If the constant for Cichelli and Bonilla’s data were
to be used to predict the present R11 and R123 data, the data would be
overpredicted by an average of 60%. However, this value of E may be
inappropriate for the quartz tube since the roughness of the chromium
surface is greater than that of the quartz tube. Consequently, the value of
E = 2.5 x 10 for the quartz tube seems to be consistent with Cichelli and
Bonilla’s data since one would expect that the value of E for the quartz
tube would be smaller than that for the chromium surface.

VISUAL RESULTS

Foaming occurred for the zero Reynolds number condition for all of the
refrigerant/lubricant mixtures. Foaming caused nearly a 50% increase in
the bubble diameter and approximately a 50% reduction in the bubble flux.
Consequently, only the non-zero Reynolds number data for the bubble flux
or the bubble diameter were included in the calculation of the overall
averages so that a fair comparison between each fluid could be made.



Contact Angle

The dynamic and the static contact angles of all of the fluids were
measured. All test fluids fully wetted a clean glass surface when placed
on the surface as liquid droplets. Wetting implies that the static contact
angle is zero. The dynamic contact angles were obtained from the film-
traces. Figure 2 defines the contact angle () as it was measured here.

Figure 6 shows the measured contact angle for the four fluids versus
Reynolds number. Approximately ten contact angles were average from
each film-trace. A linear line fitted through the data would indicate that
the contact angle increases slightly with respect to the Reynolds number.
This makes intuitive sense since if a bubble is not abruptly stripped from
the wall by drag forces it will grow more slowly and tend to flatten out
resulting in a smaller contact angle. However, an average value for the
contact angle may prove more convenient since the influence of the
Reynolds number on the contact angle is relatively small.

60 I I I

T | a
50 .

408

O O OO >
DOpapp 0 O

(o))
3 30 .
a
20 :
(0]
O Pure R123
10+ <O Pure R11
O R123/2% Alkylbenzene
A R123/0.5% Alkylbenzene
0 | ! 1 L | !

0 1 2 3 4 5 6 7
Re x 103

Fig. 6 Measured contact angle for R11, R123 and R123 and alkylbenzene

The present measured average contact angles confirm the approximate
contact angle for refrigerants of 35° cited by Stephan and Abdelsalam
(1980). Row 1 of table 1 presents the contact angles for each fluid
averaged over all heat transfer and flow conditions. For example, the
average measured contact angle for pure R11 was 31° which is only 12%
less than the that given by Stephan and Abdelsalam (1980). The average
measured contact angle for pure R123, 36°, agrees closely with 35°. The
addition of alkylbenzene to R123 resulted in a larger contact angle.
Specifically, the average contact angle for R123 and 0.55% and 2%
alkylbenzene were 40° and 41°, respectively.

Row 2 of table 1 presents the estimated standard deviation of the
contact angle measurement (sg). A portion of the deviation of the
measurement may be due to the variation of the contact angle while the
bubble grows.

Bubble Diameter

The bubble diameter appeared to be independent of the Reynolds
number and the heat flux. The cyclic characteristics of boiling should not
have a significant effect on the size of the bubble. Surface-tension and the
contact angle should be the primary factors in determining the bubble
diameter. Therefore, given the above two conditions, an average of all the
bubbles for a particular fluid should result in a fair representation of the
average bubble diameter for that fluid at a given thermodynamic state.
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An equivalent spherical bubble diameter (D,) was calculated from the
average volume of bubbles near or attached to the wall. The average
diameter of these bubbles should closely represent the departure diameter.
The accuracy of the bubble diameter measurement for two confidence
intervals was estimated to be within 7% of the calculated value. Row 3
of table 1 presents the average equivalent spherical diameters for the four
fluids for non-zero Reynolds numbers. Row 4 of table 1 shows the
standard deviation from the average bubble diameter for each fluid.

Table 1 - Visual Data Summary

Measured R11 R123 RI123/.5% | R123/2%
Data alkylbenz- | alkylbenz
ene -€ne
B (deg.) 31 36 40 41
sg (deg.) 6 5 6 9
D, (mm) 0.83 0.76 0.74 0.65
Sp, (mm) 0.31 0.28 0.28 0.19
B 0.46 0.91 1.24 1
2)n [——— 20 30 40 20
f (s'm?) 380 x 10° | 390x 10° | 490 x 10° | 370 x 10°
op(sim?) | 290x 105 | 190x 10° | 250 x 10° | 270 x 10°
(s 178 144 146 251
s; 57 182 54 75 164
(21{112.@:],5:}::) 1185 1172 1174 1179
£4Dy2n (s 1.84 2.08 2.65 1.34

Fritz (1935) utilized the work of Bashforth and Adams (1883) to
calculate the maximum volume of a spherical vapor bubble as a function
of Laplace’s constant and the contact angle B (in degrees) with respect to
the solid surface. Fritz’s solution is presented in graphical and tabular
form. The tabulated solution can be fitted to the following familiar
equation for the departure diameter attributed to Fritz:

= 0.0204B,| ——>— (5)

Dy = 0.0204P 5. =70

The Fritz equation does a remarkable job of predicting the data for
such a simple equation. When the measured contact angle and the fluid
properties are substituted into eqn. 5, the agreement between the equation
and the measured bubble diameter for R123 is within 1%. Equation 5
underpredicts the bubble diameter for R11 by approximately 16%.
However, the Fritz equation does not predict the effect of the addition of
lubricant to the refrigerant. Nevertheless, it predicts the measured bubble
diameter for the R123/0.55% alkylbenzene and the R123/2% alkylbenzene
mixtures within 14% and 35%, respectively.

Site Density

The determination of the site density was subjective. It was difficult
to determine exactly how many sites were active since some sites were
very close to each other. A best guess was made concerning the average
number of locations from which bubbles originated. The surface area was
calculated from the product of the measured width of the heater and the
scaled length of the analyzed region obtained from the film-trace.
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Figure 7 shows the heat flux dependency on the nucleation site density
for all four fluids. The symbols represent the measured data. The solid
lines are best fit regressions of the data to the form:

q” =

C,n® + D, (s)
where the constant D, was set to zero for all of the fluids with the
exception of the R123/2% alkylbenzene mixture. A linear fit was best for
this data. The B exponents for the other R123 fluids were also close to 1,
namely, 0.91 for R123 and 1.24 for R123 and 0.55% alkylbenzene. The
exponent for the site density for the R11 was 0.46 which was smaller than
that for the R123 fluids. The values for B are summarized in row 5 of
table 1.

The B exponent for the fluids tested here does not vary significantly
from that reported in the literature. Hsu and Graham (1976) remark that,
although the constant C, varies greatly depending upon the fluid and the
surface, the exponent has a relatively small range of variance between
about 0.3 and 0.8. Kirby and Westwater (1965) have measured an
exponent for the nucleation site density on a glass surface and found it to
be approximately equal to 0.73.

The addition of a small amount of alkylbenzene (0.55%) to R123
increases the number of active nucleation sites by approximately 5
sites/cm? (for fixed heat flux). Further increase in the amount of
alkylbenzene to the R123 reduces the number of active sites to
approximately the value for that of R11. For the same heat flux, R11 has
approximately 10 less active sites/cm? than those of R123. The sixth row
of table 1 summarizes the site density measurements.

Bubble Flux

The bubble frequency flux f" is the total number of bubbles emitted
from a surface per unit area per unit time. The bubble frequency flux was
calculated from an equation given by Kedzierski (1992):

99

f/l -
Ap,h, V,

(7)

where A and V, are the cross sectional surface area and the volume of the
bubble, respectively. The accuracy of the bubble flux calculation was
estimated to be approximately 33% for two confidence intervals.

It appears that the bubble flux is approximately the same for all fluids.
Row 7 of table 1 gives the bubble frequency flux averaged over all non-
zero Reynolds number heat transfer conditions for each of the fluids. The
estimated standard deviation of the bubble flux measurement (sp), given
in row 8, is nearly greater than the measurement. Therefore, the bubble
fluxes for each fluid cannot be given a strict relative ranking. The bubble
flux is enhanced for small lubricant mass fractions (0.55%) with caveat
that the standard deviation of this measurement is large.

The average bubble frequency for a single bubble is obtained by
multiplying the frequency flux by the site density. Rows 9 and 10 of table
1 gives the measured frequency and the estimated standard deviation of the
measurement, respectively. Based on the work of Jakob (1949), Zuber
(1959) developed an equation for the frequency of a single bubble:

.05 ‘(99 (p;-p)
Dy 912

Predicted values of f from egn. 8 lie within the fluctuations of the
measured f. The equation underpredicts the measured average bubble
frequency (f) by approximately 50% of the measured value for all of the
test fluids. For example, eqn. 8 predicts the bubble frequency to be 74
bub/s for R11; the measured value averaged for all conditions is 178
bub/s. The standard deviation of the individual measurements from this
mean value is approximately 182 bub/s. Similar results were obtained for
the other fluids which are presented in row 9 and 10 of table 1.

(8)
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Fig. 7 Heat flux dependency on the nucleation site density for R11, R123
and R123 and alkylbenzene

MECHANISTIC INTERPRETATION OF h,

The visual data were taken with a view to gaining some physical
understanding of the calorimetric data. The model of Mikic and
Rohsenow (1969) can be used as a tool for making the physical connection
between the visual and the calorimetric data. Their model of the nucleate
heat flux (q",) is:

a, =2 Jkp,c,® VI D n AT,

This model is based on the assumption that the latent heat is not important
in determining the heat transfer due to nucleation. Instead, the governing
mechanism is the transport of the superheated liquid layer from the wall
by the motion of the bubble. Consequently, eqn. 9 is based on a transient
conduction analysis on an unit area which is twice the bubble diameter.
Lorenz et al. (1974) have validated this model for water and methanol pool
boiling.

The heat transfer coefficient obtained from: equation 9 consists of the
multiplication of a fluid property part (2{k|p,cP,1}°'5) and a bubble
mechanism part (f% D,2 n). The second to the last row in table 1 shows
that the fluid property terms for all of the fluids are within 1% of each
other. Accordingly, the model suggests that the observed differences in
the heat transfer coefficients for each fluid cannot be attributed to the
differences in fluid transport properties. Consequently, the differences in
the heat transfer coefficients from fluid to fluid must be due to differences
in the bubble parameters.

The last row of table 1 gives the magnitude of the bubble mechanism
term calculated using the average values for f, D4 and n which are given
in table 1. Comparison of the relative magnitudes of the bubble
mechanism term for each fluid shows that this term is larger for the
R123/0.55% alkylbenzene mixture primarily due to the larger number of
active nucleation sites associated with that fluid. The bubble diameter and
the bubble frequency have not changed much with the addition of a small
amount of lubricant.  Consequently, part of the reason that the
R123/0.55% alkylbenzene heat transfer is greater than that of pure R123
is that the addition of lubricant has caused more sites to become active in
generating bubbles. On the other hand, further increase in the lubricant
mass fraction has decreased the bubble size and the site density which has
contributed to a reduction in the heat transfer as compared to the 0.55%
lubricant mass fraction. Likewise, the lower heat transfer coefficient of

(9)




pure R11 as compared to that of pure R123 is primarily due to a lower
number of active sites.

CONCLUSIONS

Bubble formation during horizontal flow boiling of R11, R123 and a
R123/alkylbenzene mixture was investigated both visually and
calorimetrically. The two-phase heat transfer coefficient of four different
fluids were investigated: (1) R11, (2) R123, (3) R123 and 0.55%
alkylbenzene, and (4) R123 and 2% alkylbenzene. Good agreement was
achieved between the measured heat transfer coefficients for R11 and R123
and the Borishanskii-Minchenko equation.

The relative magnitudes of the nucleate flow boiling heat transfer
coefficient were compared to that of R123. For Reynolds numbers below
9,500, the heat transfer coefficient of R123 was on average 22% greater
than that of R11 for equal heat flux and Reynolds number. The addition
of alkylbenzene to pure R123 enhances the heat transfer relative to that of
pure R123 for all heat transfer conditions.

For both R11 and R123, an increase in either the heat flux or the
Reynolds number increases the heat transfer coefficient. The heat flux has
a much larger effect on the heat transfer coefficient than the Reynolds
number. An increase in the heat flux caused nearly an equal percentage
increase in the heat transfer coefficient. The two-phase heat transfer
coefficient for R11 increases significantly more than that of R123 for an
increase in Reynolds number. The addition of lubricant to the R123
caused the heat transfer to be more sensitive to an increase in the Reynolds
number.

The average measured contact angle for pure R123 agrees closely with
that reported in the literature: 35° as compared to 36°. The addition of
alkylbenzene to R123 resulted in a larger contact angle. Namely, the
average contact angle for R123 and 0.55% and 2% alkylbenzene was 40°
and 41°, respectively.

Given the simplicity of the Fritz equation (eqn. 5), it does a remarkable
job of predicting the measured bubble diameters: within 1% and 16% of
the measured values for the pure R123 and R11, respectively. The
addition of alkylbenzene caused a reduction in the average size of the
bubble, which is not predicted by the Fritz equation. Even so, it predicts
the measured bubble diameter for the R123/0.55% alkylbenzene and the
R123/2% alkylbenzene mixtures within 14% and 35%, respectively.

The addition of a small amount (0.55%) of alkylbenzene to R123
increases the number of active nucleation sites by approximately 5
sites/cm?. Further increase in the amount of alkylbenzene to the R123
reduces the number of active sites to approximately the value for that of
R11. For the same heat flux, R11 has approximately 10 less active
sites/cm? than that of R123.

Zuber’s _equation (eqn. 8) predicts the measured average bubble
frequency (f) to within the measurement uncertainty for all of the test
fluids. The total flux of bubbles from the surface is approximately the
same for all of the fluids.

Part of the reason that the R123/0.55% alkylbenzene heat transfer is
greater than that of pure R123 is that the addition of lubricant has caused
more sites to become active in generating bubbles. The bubble diameter
and the bubble frequency has not changed much with the addition of a
small amount of lubricant. On the other hand, further increase in the
Jubricant mass fraction has decreased the bubble size and the site density
which has contributed to a reduction in the heat transfer. Primarily a
lower number of active sites has caused the pure R11 heat transfer to be
lower than that of the pure R123.

ACKNOWLEDGEMENTS

This work was funded jointly by NIST and the U.S. Department of
Energy, Conservation and Renewable Energy, (project no. DE-AIO1-
91CE23808) under Project Manager Terry G. Statt. The author would
like to thank the following personnel of NIST for their valuable inputs
toward the completion of this work: Mr. J. Crowder, Mr. M. Kaul, Mr.
R. Smith, Mr. D. Hahn, Dr. D. Ripple, Dr. J. Parise, Dr. M. McLinden,
Dr. G. Morrison and Mrs. J. Land. The author would also like to express

33

his appreciation to S. Olund of Chevron for providing the ZEROL
Refrigeration Fluid 300 which was used as the test lubricant.

REFERENCES

ASHRAE, 1984, ASHRAE Handbook-1984 Systems, ASHRAE, Atlanta
p. 29.14.

Bashforth, F., and Adams, J., 1883, Capillary Action, Cambridge,
England.

Baumeister, ‘T., Avallone, E. A., and Baumeister III, T., 1978,
Marks’ Standard Handbook for Mechanical Engineers, 8th ed., McGraw-
Hill, New York, p. 13-79.

Borishanskii, V. M., Bobrovich, G. 1., and Minchenko, F. P., 1969,
"Heat Transfer from a Tube to Water and to Enthanol in Nucleate Pool
Boiling,” Symposium on Problems of Heat Transfer Hydraulics of
Two-Phase Media, Ed. S. S. Kutateladze, Pergamon Press, London, pp.
85-106.

Chevron Chemical Company, 1992, Technical Data Sheet on Zerol
Refrigeration Fluid 300.

Chae, H., B., Schmidt, J. W., and Moldover, M. R., 1990, "Surface
Tension of Refrigerants R123 and R134a," 1. of Chem. & Eng, Data, Vol.
35, No. 1, pp. 6-8.

Cichelli, M. T., and Bonilla, C. F., 1945, Trans. AIChE, Vol. 41, pp.
755-787.

Cooper, M. G., 1984, "Saturation Nucleate Pool Boiling-A Simple
Correlation,” Proc. 1st U.K. National Conf. on Heat Transfer, Vol. 2, pp.
785-793.

Corty, C., and Foust, A. S, 1955, "Surface Variables in Nucleate
Boiling,” Chem. Eng. Prog. Symp., Vol. 51, No. 16, pp. 1-12.

Fritz, W., 1935, "Berechnung des Maximalvolumens von Dampfblasen,”
Physik, Zeitschr., Vol 36, pp. 379-384.

Hsu, Y., and Graham, R. W., 1976, Transport Processes in Boiling
and Two-Phase Systems, Including Near-Critical Fluids, Hemisphere,
Washington.

International Institute of Refrigeration, 1982, Thermodynamic and
Physical Properties of R11, 1IR, Paris.

Jakob, M., 1949, Heat Transfer, Vol. 1, Wiley, New York.

Kedzierski, M. A., and Didion, D. A., 1991, "A Comparison of
Experimental Measurements of Local Flow Boiling Heat Transfer
Coefficients for R11 and R123," ASME/JSME Thermal Engineering
Proc., ASME, New York, Vol. 3, pp. 243-250.

Kedzierski, M. A., 1992, "Simultaneous Visual and Calorimetric
Measurements of R11, R123, and R123/Alkylbenzene Nucleate Flow
Boiling,” NISTIR 4948, U.S. Dept. of Commerce, Washington.

Kirby, D. B., and Westwater, J. W., 1965, "Bubble and Vapor
Behavior on a Heated Horizontal Plate during Pool Boiling Near Burnout,”
Chem. Eng. Prog. Symp. Ser., Vol. 61, No. 57, pp. 238-248.

Lorenz, J. J., Mikic, B. B., and Rohsenow, W. M., 1974, "Effects of
Surface Conditions on Boiling Characteristics,” Paper B2.1,4:35, 5th Int.
Heat Trans. Conf., Tokyo

Mikic, B. B., and Rohsenow, W. M., 1969, "New Correlations of Pool
Boiling Data Including the Effect of Heating Surface Characteristics,” 1.
Heat Trans,, Vol. 91, pp.245-250.

Rice, P. and Calus, W. F., 1972, "Pool Boiling-Single Component
Liquids,” Chemical Engineering Science, Vol. 27, No. 9, pp. 1677-1687.

Rohsenow, W. M., 1988, "What We Don’t Know and Do Know About
Nucleate Pool Boiling Heat Transfer,” ASME, HTD-Vol. 104, Collected
Papers in Heat Transfer 1988 Vol. II, pp. 169-172.

Stephan, K., 1963, "Influence of Oil on Heat Transfer of Boiling
Refrigerant 12 and Refrigerant 22," XI Int. Cong. of Refrig..

Stephan, K., and Abdelsalam, M., 1980, "Heat Transfer Correlations
for Natural Convection Boiling," Int. J. Heat Mass Transfer, Vol. 23, pp.
73-87.

Zuber, N., 1959, "Hydrodynamic Aspects of Boiling Heat Transfer,"
Ph.D. Thesis, University of California, Los Angeles.




